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Abstract: 
2′,3′-O-(2,4,6-Trinitrophenyl) adenosine 5′-triphosphate (TNP-ATP) is a fluorescent 
analogue of ATP. MgTNP-ATP was found to be an allosteric activator of pyruvate 
carboxylase that exhibits competition with acetyl CoA in activating the enzyme. There 
is no evidence that MgTNP-ATP binds to the MgATP substrate binding site of the 
enzyme. At concentrations above saturating, MgATP activates bicarbonate-dependent 
ATP cleavage, but inhibits the overall reaction. The fluorescence of MgTNP-ATP 
increases by about 2.5 fold upon binding to the enzyme and decreases on addition of 
saturating acetyl CoA. However, not all the MgTNP-ATP is displaced by acetyl CoA, or 
with a combination of saturating concentrations of MgATP and acetyl CoA. The kinetics 
of the binding of MgTNP-ATP to pyruvate carboxylase have been measured and shown 
to be triphasic, with the two fastest phases having pseudo first-order rate constants 
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that are dependent on the concentration of MgTNP-ATP. The kinetics of displacement 
from the enzyme by acetyl CoA have been measured and also shown to be triphasic. A 
model of the binding process is proposed that links the kinetics of MgTNP-ATP binding 
to the allosteric activation of the enzyme.  
Keywords: pyruvate carboxylase, allosteric activation, 2′,3′-O-(2,4,6-
trinitrophenyl) adenosine 5′-triphosphate, fluorescence stopped-flow. 
 
Introduction 
1Pyruvate carboxylase is a biotin-dependent enzyme that 
catalyses the formation of oxaloacetate for the purposes of 
gluconeogenesis in the liver and replenishment of tricarboxylic acid 
cycle intermediates in certain tissues (for reviews see [1, 2]). The 
overall reaction occurs in two partial reactions (see Fig. 1). In reaction 
(1), which occurs in the biotin carboxylation (BC) domain, bicarbonate 
is activated by phosphorylation to form a putative carboxyphosphate 
intermediate with concomitant cleavage of MgATP. The 1′N of biotin is 
then carboxylated, presumably in a reaction with carbon dioxide 
formed from the reversible decarboxylation of the carboxyphosphate. 
Carboxybiotin then moves to the carboxyl transfer (CT) domain where 
reaction (2) occurs, in which there is carboxyl transfer from 
carboxybiotin to pyruvate and proton transfer from pyruvate to biotin 
(for reviews on the mechanism of pyruvate carboxylase see [2-4]). 
 
Figure 1 In pyruvate carboxylase, reaction (1) occurs at the biotin carboxylation 
(BC) domain and involves the ATP-dependent activation of bicarbonate to form a 
putative carboxyphosphate intermediate, from which the enzymic biotin is then 
carboxylated to form the enzyme-carboxybiotin complex. The carboxybiotin on the 
biotin carboxyl carrier protein (BCCP) domain then moves to the carboxyl transfer (CT) 
domain of its partner subunit where the carboxy group is transferred to pyruvate to 
form oxaloacetate in reaction (2).  
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The activity of pyruvate carboxylases from many organisms, 
including vertebrates, some fungi and some bacteria is allosterically 
regulated by acyl CoAs, principally acetyl CoA. Many pyruvate 
carboxylases from these organisms show only low levels of activity in 
the absence of acetyl CoA. Acetyl CoA has been shown to stabilise the 
tetrameric structure of the enzyme (α4 in the majority of cases) [5-9]. 
The locus of the effects of acetyl CoA on the mechanism of the 
reaction appears to be primarily on reaction (1) [10-15]. 
Until the recent publication of the structures of pyruvate 
carboxylases from Rhizobium etli [16] (RePC) and Staphylococcus 
aureus [17], it had been assumed that the subunits comprising the 
enzymic tetramer operated independently. However, it is apparent that 
the subunits operate in pairs, with inter-subunit catalysis occurring 
within these pairs [16, 17]. The CT domain of one subunit catalyses 
the transfer of the carboxyl group to pyruvate from the carboxybiotin 
of its partner subunit [16, 17]. The structure of RePC was determined 
in the presence of the stable analogue of acetyl CoA, ethyl CoA, with 
only two of the four subunits having ethyl CoA bound in the allosteric 
effector site. More importantly, only the pair of subunits with ethyl CoA 
bound were in a conformation that appeared more conducive for inter-
subunit catalysis [16], raising the possibility that pyruvate carboxylase 
exhibits half-of-the-sites reactivity. There is evidence that another 
biotin–dependent carboxylase, E. coli acetyl CoA carboxylase, operates 
in this way. The homodimeric biotin carboxylase subunits of this 
enzyme appear to show half-of-the-sites reactivity, with obligatory 
switching of activity between the two subunits [18-20]. However, a 
recent structure of the Staphylococcus aureus enzyme complexed with 
a single CoA molecule in each of the allosteric sites was determined 
[21]. 
The original aim of this work was to investigate nucleotide 
binding to RePC by using a fluorescent analogue of ATP, viz 2′,3′-O-
(2,4,6-trinitrophenyl) adenosine 5′-triphosphate (TNP-ATP) (see Fig. 
2). However, we found that MgTNP-ATP activates the enzyme in a 
similar way to acetyl CoA and by measuring the increase in 
fluorescence associated with MgTNP-ATP binding to the enzyme, we 
have been able to probe the connection between activator binding and 
this activation. In this paper we also report the characteristics of the 
activation of the bicarbonate-dependent ATP cleavage catalysed by 
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RePC at concentrations above those required to saturate the enzyme 
with MgATP as a substrate, or, more simply super-catalytic 
concentrations of MgATP. 
 
Figure 2 Structure of 2′,3′-O-(2,4,6-Trinitrophenyl) adenosine 5′-triphosphate 
(TNP-ATP) 
Experimental Procedures 
Expression and purification of RePC in E. coli 
BL21(DE3) were transformed with the pET-17b (His)9 RePC 
plasmid [16] or R472S mutant and the pCY216 plasmid containing E. 
coli biotin protein ligase (BirA) [22] for expression. R472S mutant was 
constructed by site-directed mutagenesis using RePC WT sequence as 
the template as previously described (15). The mutagenic primers 
used were K472S-F (5′-aagcgccaggactctgcgacgaagctt -3′, bold 
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indicates the codon changed for serine) and K472S-R (5′-
aagcttcgtcgcagagtcctggcgctt-3′). The nucleotide sequence of the 
mutant was verified by DNA sequencing. Wild-type and R472S RePC 
were overexpressed in 8 L batch cultures of LB media (containing 200 
μg ml-1 ampicillin, 30 μg ml-1 chloramphenicol, 1 mg L-1 biotin and 
25% w/v arabinose) which were inoculated with an overnight culture 
of the freshly transformed E. coli BL21(DE3)cells. Large-scale 
fermentations were carried out in a 10 L carboy equipped with an air 
inlet hose, which was connected to the house air line and fitted with a 
gas diffusion stone to ensure proper aeration and agitation of the 
media throughout growth and induction. Batch cultures were grown at 
37° C to an OD600 = 0.9-1.2. They were then chilled on ice for 20 min 
before IPTG was added to a final concentration of 0.1 mM in the 
carboy, prior to transferring to a 16° C water bath for approximately 
48 h. Cells were harvested by centrifugation, yielding about 80 g of 
cell paste. RePC was purified using Co2+-affinity chromatography [16]. 
The purified enzyme was stored in 0.1 M Tris-Cl, pH7.8 containing 
30% glycerol at -80°C after being flash frozen in liquid nitrogen. 
Estimation of biotin concentration in pyruvate 
carboxylase 
Biotin concentrations of the enzyme solutions were determined 
by subjecting the enzyme to proteolysis as described previously [23]. 
The biotin content of the hydrolysates was then assayed according to 
the method described by Rylatt et al. [24]. Enzyme concentrations 
used are expressed in terms of the biotin concentration. 
Pyruvate carboxylation assays 
Assays were performed at 30°C in 0.1 M Tris-Cl, pH7.8 in the 
presence of 20 mM NaHCO3, 6 mM MgCl2, 1 mM ATP and 10 mM 
pyruvate. Oxaloacetate formation was measured by coupling with 
malate dehydrogenase (11 units mL-1) and 0.24 mM NADH. Assays 
were performed in the presence or absence of varying concentrations 
of acetyl CoA at different fixed concentrations of MgTNP-ATP (Jena 
Bioscience). To assess the effect of super-catalytic concentrations of 
MgATP on the reaction, MgATP was the varied substrate and reactions 
were performed with no acetyl CoA present. Apparent kcat values were 
NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 
Archives of Biochemistry and Biophysics, Vol. 509, No. 2 (May 2011): pg. 117-126. DOI. This article is © Elsevier and 
permission has been granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission 
for this article to be further copied/distributed or hosted elsewhere without the express permission from Elsevier. 
7 
 
calculated by dividing the measured reaction velocity by the biotin 
concentration of the RePC used in the assay. 
Bicarbonate-dependent ATP-cleavage assays 
Assays were performed as described previously [25]. Briefly, the 
reactions contained 0.1 M Tris-HCl, pH 7.8, 2.5 mM MgATP, 2.5 mM 
MgCl2, 20 mM NaHCO3, 0.33 mM NADP, 0.25 mM acetyl-CoA, 5 μM α-
glucose-1-phosphate, 1 mg mL-1 glycogen, 2 units mL-1 phosphorylase 
a, 3 units mL-1 phosphoglucomutase and 3 units mL-1 glucose-6-
phosphate dehydrogenase. Production of NADPH was determined by 
measuring the increase in absorbance at 340 nm. Apparent kcat values 
were calculated by dividing the measured reaction velocity by the 
biotin concentration of the RePC used in the assay. 
Fluorescence emission spectra 
Fluorescence emission spectra of MgTNP-ATP were recorded on 
a Cary spectrofluorometer with an excitation wavelength of 408 nm 
and emissions recorded between 500 and 600 nm. Experiments were 
performed at 30°C in 0.1 M Tris-Cl, pH7.8 and 20 mM NaHCO3, with 5 
μM MgTNP-ATP. Spectra were recorded in the presence of 10 μM 
enzyme in the presence and absence of 0.25 mM acetyl CoA, with and 
without 2.5 mM MgATP. 
Stopped-flow measurements of fluorescence changes 
associated with MgTNP-ATP binding to pyruvate 
carboxylase and displacement of bound MgTNP-ATP by 
acetyl CoA 
All measurements were performed on a KinTek SF-2400 
instrument with an excitation wavelength of 408 nm and emission was 
measured at wavelengths greater than 500 nm, using a cut-on filter 
that passes light of wavelengths greater than 500 nm. The dead-time 
of the instrument is 0.9 ± 0.04 ms, determined as described by KinTek 
(http://www.kintek-corp.com/misc/deaddata.html). Measurements 
were recorded at 30°C and reactions contained 0.1 M Tris-Cl, pH7.8, 
20 mM NaHCO3, with 0.5 μM pyruvate carboxylase and at least a 20-
fold molar excess of MgTNP-ATP over the concentration of RePC in the 
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binding experiments. In the experiments where the kinetics of MgTNP-
ATP displacement by acetyl CoA were measured, 0.5 μM enzyme was 
used with 10 μM MgTNP-ATP and 0.1-0.5 mM acetyl CoA. The linearity 
of the fluorescence signal with MgTNP-ATP concentration was 
determined experimentally on the SF-2400 instrument. The signal was 
linear up to 20 μM and correction factors of 1.07, 1.15 and 1.2 were 
calculated at 25, 30 and 35 μM MgTNP-ATP respectively (see Fig. S1 in 
supplementary material). 
Measurement of stoichiometry of MgTNP-ATP binding to 
pyruvate carboxylase 
Measurement of the binding stoichiometry was attempted by 
two methods, the first was equilibrium dialysis in which a dialysis 
apparatus was used that had two-compartments, separated by a semi-
permeable membrane that prevented movement of the enzyme 
between the compartments but allowed the free movement of MgTNP-
ATP. Both compartments initially contained the same concentration of 
MgTNP-ATP but only one compartment contained pyruvate carboxylase 
at concentrations up to 18 μM. The solutions in both compartments 
contained 0.1 M Tris-Cl,, pH 7.8 and 20 mM NaHCO3 and were stirred 
with magnetic stirrer bars for 30 min at 30°C (sufficient to equilibrate 
from a situation where MgTNP-ATP was only present in one 
compartment, with buffer in the other). The absorbance of the solution 
in the compartment without enzyme was then measured at 408 nm 
and compared to the initial absorbance to calciulate the change in 
concentration of MgTNP-ATP. We were unable to obtain sufficiently 
high concentrations of pyruvate carboxylase to give large enough 
changes in absobance to produce reliable stoichiometric data. 
Analysis of kinetic data 
Activation of pyruvate carboxylation by either acetyl CoA or 
MgTNP-ATP was analysed by nonlinear least-squares regression fitting 
of the data to equation (i), which was derived for the reaction scheme 
shown in Fig. 3a. 
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Figure 3 (a) Reaction scheme for the pyruvate carboxylation reaction in the 
presence of saturating substrates, accounting for the activation by acetyl CoA (A), 
where kcat1 and kcat2 are the catalytic rate constants for the reaction by the enzyme (E) 
and the enzyme-acetyl CoA complex (EAn) respectively. Ka is the apparent dissociation 
constant of the EAn complex and n is the Hill coefficient for the activation process. (b) 
Reaction scheme for the pyruvate carboxylation reaction in the presence of saturating 
substrates and both acetyl CoA and MgTNP-ATP, where kcat1, kcat2 and kcat3 are the 
catalytic rate constants for the reaction catalysed by the enzyme (E), the enzyme-
acetyl CoA complex (EAna) and the enzyme-MgTNP-ATP complex (EMgTNP-ATPnt) 
respectively. Ka is the apparent dissociation constant of the EAn complex and na is the 
Hill coefficient for the activation by acetyl CoA. KT is the apparent dissociation constant 
of the EMgTNP-ATPnt complex and nt is the Hill coefficient for the activation by MgTNP-
ATP. 
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where: kcat1 is the catalytic rate constant of the reaction in the 
absence of either acetyl CoA or MgTNP-ATP; kcat2 is the catalytic rate 
constant of the reaction in the presence of saturating concentrations of 
acetyl CoA or MgTNP-ATP; Ka is the activation constant for acetyl CoA 
or MgTNP-ATP; n is the Hill coefficient of cooperativity; [A] is the 
concentration of either acetyl CoA or MgTNP-ATP. 
The activation of pyruvate carboxylation activity in the presence 
of varying concentrations of acetyl CoA at different fixed 
concentrations of MgTNP-ATP was analysed by non-linear least-
squares regression fitting of the data to equation (ii) derived from the 
reaction scheme shown in Fig. 3b. 
 
where: kcat1 is the catalytic rate constant of the reaction in the 
absence of both acetyl CoA and MgTNP-ATP; kcat 2 is the catalytic rate 
constant of the reaction at saturating concentrations of acetyl CoA; 
kcat3 is the catalytic rate constant of the reaction in the presence of 
saturating concentrations of MgTNP-ATP; Ka is the activation constant 
for acetyl CoA; KT is the activation constant for MgTNP-ATP; na is the 
Hill coefficient for acetyl CoA activation; nt is the hill coefficient for 
MgTNP-ATP activation; [AcCoA] is the concentration of acetyl CoA. 
Data for determining the effects of super-catalytic MgATP 
concentrations on the pyruvate carboxylation reaction in the absence 
of acetyl CoA were analysed by non-linear least-squares regression 
fitting of the data to equation (iii) which describes substrate inhibition. 
  
Data which examined the effects of super-catalytic MgATP 
concentrations on the bicarbonate-dependent ATP cleavage reaction in 
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the absence of acetyl CoA was analysed by non-linear least-squares 
regression fitting of the data to equation (iv): 
    
where kcat0 is the catalytic rate constant of the reaction at 
catalytically saturating [MgATP], kcat1 is the catalytic rate constant of 
the reaction induced following maximal activation by MgATP of the 
enzyme, Ka is the activation constant for this process and n is the Hill 
coefficient for activation of the reaction by MgATP. 
Stopped-flow data were analysed by non-linear least squares 
regression fits of the data to single or double exponential equations. 
The plot of kobs vs [MgTNP-ATP] for the fast phase of binding was 
analysed by linear least-squares regression to equation (v) or by non-
linear least squares regression to equation (vi). 
  
whilst that for the intermediate phase was analysed by non-
linear least squares regression, fitting to the equations (vii-xii). 
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  where K1 is the dissociation constant of the enzyme.(MgTNP-
ATP)n complex formed in the fast phase of the reaction, where n=1 or 
2 and is equal to k-1/k1 where k1 is the second- or third-order binding 
rate constant for the formation of the complex and k-1 is the first order 
dissociation rate constant of the complex. In (vii and viii), k2 is a first-
order rate constant describing a conformational change leading to an 
increase in fluorescence of the enzyme.MgTNP-ATP complex whilst k-2 
is the reverse first-order rate constant. In (ix and x), k2 is the second-
order rate constant for further binding of MgTNP-ATP and k-2 is the 
dissociation constant of this complex, whilst in (xi and xii) k2 is a third-
order rate constant for the further binding of two molecules of MgTNP-
ATP. Thus equations (vii, ix and xi) describe reactions in which a single 
MgTNP-ATP molecule binds in the fast phase, followed by either a 
conformational change, binding of a further MgTNP-ATP or binding of a 
further two MgTNP-ATP molecules respectively, This also applies to 
equations (viii, x and xii) except that in the fast phase two molecules 
of MgTNP-ATP bind. All equations were derived with the assumption 
that the reaction represented by the fast phase remains essentially at 
equilibrium throughout the intermediate phase, which is not 
unreasonable given the large difference in the magnitudes of the 
observed rate constants for the two phases. 
Where values of kinetic parameters are quoted in the text they 
are the values derived from the non-linear regression analyses ± the 
standard error of these estimates, unless otherwise indicated. 
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Results 
MgTNP-ATP as substrate of pyruvate carboxylase or 
inhibitor with respect to MgATP 
MgTNP-ATP was not found to be a substrate in the overall 
pyruvate carboxylation reaction at concentrations up to 0.25 mM. In 
addition, no inhibition of enzymic activity by 1 mM MgTNP-ATP was 
observed over a wide range of MgATP concentrations in the presence 
of saturating concentrations of the other substrates and of acetyl CoA. 
Activation of the pyruvate carboxylation reaction by 
acetyl CoA and MgTNP-ATP 
Fig. 4a shows the dependence of enzyme activity on the 
concentration of the allosteric activator, acetyl CoA. The solid line 
represents a fit of the data to equation (i) and the Ka derived from this 
fit is 6.9 ± 0.2 μM, the kcat2 is 20.2 ± 0.1 s-1 and n is 2.6 ± 0.2. Fig. 4b 
shows the effect of the presence of different concentrations of MgTNP-
ATP on the activation of the enzyme by acetyl CoA. The values of KT, nt 
and kcat2 for the reaction activated by MgTNP-ATP derived from a 
global-fit of the data to equation (ii) (solid lines) are 32 ± 5 μM, 2.5 ± 
0.4 and 2.0 ± 0.5 s-1 respectively. A replot of the velocities from Fig. 
4b obtained in the absence of acetyl CoA, but in the presence of 
different concentrations of MgTNP-ATP, is shown in Fig. 4c. The solid 
line represents a fit of the data to equation (i) and the values of KT, nt 
and kcat2 for the activation by MgTNP-ATP are similar to those obtained 
from the fit of the data in Fig. 4b, i.e. 21 ± 3 μM, 2.3 ± 0.6 and 1.9 ± 
0.1 s-1. 
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Figure 4 (a) Activation of the pyruvate carboxylation reaction by acetyl CoA (see 
Materials and Methods for reaction conditions). The solid line represents the non-linear 
least squares regression fit of the data to equation (i) (see Materials and Methods). (b) 
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Activation of pyruvate carboxylase by acetyl CoA at different fixed concentrations of 
MgTNP-ATP: (■) 0 μM; (▲) 10 μM; (▼) 15 μM; (◆) 25 μM; (●) 50 μM; (□) 75 μM. 
Solid lines represent a global non-linear least squares regression fit of the data to 
equation (ii) (R2 =0.98) (see Materials and Methods). (c) Replot of the data in the 
absence of acetyl CoA from (b), showing the activation of the enzyme by MgTNP-ATP 
in the absence of acetyl CoA The solid line represents a fit of the data to equation (i), 
with nt and KT replacing n and Ka.  
Fig. 5a shows the dependence of enzymic activity on acetyl CoA 
concentration for a mutant enzyme in which an R472S mutation has 
been made. R472 is located in the acetyl CoA allosteric binding site 
(Fig. 11B) and interacts with the [5′] α-phosphate of acetyl CoA [16]. 
The Ka determined from a fit of the data to equation (i) to (solid line) 
is 1.65 ± 0.05 mM, which is approximately 240 times greater than 
that for the wild-type enzyme, indicating that this mutation has 
severely decreased the affinity of the enzyme for acetyl CoA. Fig. 5b 
shows the dependence of enzymic activity on of the R472S mutant on 
the concentration of MgTNP-ATP. The KT determined from the fit of the 
data to equation (i) is 39 ± 8 μM, which is only 1.2-1.8 times greater 
than for the wild-type enzyme (based on the values for KT. for the 
wild-type enzyme described above). 
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Figure 5 Activation of the pyruvate carboxylation reaction by acetyl CoA (a) and 
by MgTNP-ATP (b) for the mutant R472S (see Materials and Methods for other reaction 
conditions). The solid lines represents the non-linear least squares regression fits of 
the data to equation (i) (see Materials and Methods).  
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Figure 11 
Structural representation of (A) the ATP-binding (B) the allosteric 
binding sites of RePC with ATP-γ-S and ethyl CoA bound respectively. 
The figure is reproduced from [16]. Only the nucleotide moiety of ethyl 
CoA was evident in the crystal structure.  
Effects of super-catalytic concentrations of MgATP on 
the reactions catalysed by pyruvate carboxylase 
Since the MgATP analogue MgTNP-ATP appears to act as to 
mimic some of the activation effects of acetyl CoA, it was decided to 
examine whether MgATP itself could also behave as an activator. Fig. 
6a shows the effects of high concentrations of MgATP on the pyruvate 
carboxylation reaction in the absence of acetyl CoA. It is clear that 
above 2-3 mM, MgATP is inhibitory, with kcat = 21 ± 1 s-1, Km = 0.15 ± 
0.02 mM and Ki of 8.9 ± 1.2 mM. However, when the steady state 
bicarbonate-dependent cleavage of MgATP reaction is measured in the 
absence of acetyl CoA, above about 2 mM MgATP, there is an 
unmistakeable, sigmoidal activation of the enzyme at concentrations of 
MgATP above approximately 2 mM, with an apparent Ka of 5.0 ± 0.4 
mM and a Hill coefficient of 3.1 ± 0.5 (see Fig. 6b). The increase in 
activity between 2 mM and saturating MgATP is approximately 16 fold 
compared to a 7 fold increase in the turnover number for ATP cleavage 
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induced by acetyl CoA when MgATP is present up to1 mM. (data not 
shown). 
 
Figure 6 (a) Effect of [MgATP] on the pyruvate carboxylation reaction in the 
absence of acetyl CoA (see Materials and Methods for reaction conditions). The solid 
line represents a non-linear least squares regression fit of the data to equation (iii). 
(b) Effect of [MgATP] on the bicarbonate-dependent ATP cleavage reaction in the 
absence of acetyl CoA (see Materials and Methods for reaction conditions). The line 
represents a non-linear least squares regression fit of the data to equation (iv).  
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Enhanced TNP-ATP fluorescence on binding to pyruvate 
carboxylase 
Fig. 7 shows the emission spectra of 5 μM MgTNP-ATP 
(spectrum (i)). There is a 2.5 fold increase in the maximum 
fluorescence intensity when pyruvate carboxylase is present and a 
blue-shift in the fluorescence spectrum from a maximum at 552 nm to 
a maximum at 543 nm (spectrum (ii)). This suggests that MgTNP-ATP 
binds to the enzyme and the resulting movement from the polar 
environment of the solution to the less polar environment of the 
enzyme active or allosteric site is responsible for the enhanced 
fluorescence. On addition of 0.25 mM acetyl CoA, the maximum 
fluorescence intensity decreased by approximately 32% and was 
accompanied by a red-shift in the fluorescence spectrum to 548 nm 
(spectrum (iii)). Given that MgTNP-ATP activates the enzyme and 
competes with acetyl CoA, this suggests that acetyl CoA displaces 
some of the enzyme-bound MgTNP-ATP. However, since the 
fluorescence is still higher (188%) than that observed in the solution 
of MgTNP-ATP alone, it is reasonable to assume that some of the 
MgTNP-ATP remains bound to the enzyme, even in the presence of 
saturating acetyl CoA. Addition of 2.5 mM MgATP resulted in a further 
decrease in fluorescence of approximately 13%, with a smaller red-
shift to 550 nm (spectrum (iv)). Again the residual fluorescence is 
higher (164%) than that of the solution of MgTNP-ATP alone, 
suggesting that even in the presence of both saturating acetyl CoA and 
MgATP, some of the MgTNP-ATP still remains bound to the enzyme. 
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Figure 7 Fluorescence emission spectra of 5 μM MgTNP-ATP in 0.1M Tris-Cl, pH7.8, 
20 mM NaHCO3 (i) alone and in the presence of: (ii) 10 μM pyruvate carboxylase; (iii) 
10 μM pyruvate carboxylase + 0.25 mM acetyl CoA; (iv) 10 μM pyruvate carboxylase 
and 0.25 mM acetyl CoA and 2.5 mM MgATP. Excitation wavelength = 408 nm, 
temperature = 30°C.  
Kinetics of MgTNP-ATP binding to the enzyme 
Fluorescence stopped-flow experiments were used to measure 
the kinetics of MgTNP-ATP binding to the wild-type enzyme. Fig 8 
shows stopped-flow traces of the time-courses of MgTNP-ATP binding 
to the enzyme. Figs. 8a and b show a fast phase and an intermediate 
phase of the reaction of approximately equal amplitudes that are 
essentially complete in about 30 msec and 1 sec respectively. A much 
slower phase (Fig. 8c) that is complete within approximately 2 min 
was also observed. Reactions were performed over a range of MgTNP-
ATP concentrations that were at least twenty times that of RePC. It 
was not possible to use saturating concentrations of MgTNP-ATP 
because of the increasingly large inner filter effect beyond 35 μM. The 
apparent first order rate constants for the fast and intermediate 
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phases increased with increasing [MgTNP-ATP] and had phases of 
approximately equal amplitudes. The slow phase had an amplitude of 
approximately one-quarter to one-third of that of the fast and 
intermediate phases and its observed first order rate constant showed 
no strong dependence on [MgTNP-ATP], having an average value 
across all concentrations of MgTNP-ATP of 0.035 ± 0.008 s-1. An 
experiment was performed where 1 mM MgATP was present in both 
the enzyme syringe and the MgTNP-ATP (10 μM) syringe. The kinetics 
of binding were essentially identical to those measured in the absence 
of MgATP. 
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Figure 8 Examples of fluorescence stopped-flow traces showing the kinetics of 
MgTNP-ATP binding to pyruvate carboxylase at 30°C with 0.5 μM pyruvate carboxylase 
in 0.1M Tris-Cl, pH7.8 containing 20 mM NaHCO3. (a) Fast and intermediate phases of 
the reaction with 10 μM MgTNP-ATP (500 data points collected in the range 0-0.04 s 
and 500 data points collected in the range 0.04-1 s, average of 10 traces). Lines 
represent a fit to a double exponential equation, where data points up to 1 ms have 
been excluded from the fit (kobs1 = 234 ± 26 s-1, kobs2 = 11 ± 1 s-1). (b) Fast and 
intermediate phases of the reaction with 35 μM MgTNP-ATP (500 data points collected 
in the range 0-0.04 s and 500 data points collected in the range 0.04-0.5 s, average 
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of 7 traces). Lines represent a fit to a double exponential equation, where data points 
up to 1 ms have been excluded from the fit (kobs1 = 475 ± 90 s-1, kobs2 = 19 ± 2 s-1). 
(c) Slow phase of the reaction with 20 μM MgTNP-ATP showing the 500 data points 
collected in the range 1-180s (average of 2 traces). The solid line represents a fit to a 
single exponential equation, where data points up to 3 s have been excluded from the 
fit (k = 0.035 ± 0.001 s-1).  
Plots of the observed pseudo-first order rate constants (kobs) 
versus [MgTNP-ATP] for the fast and intermediate phases of the 
reactions are shown in Figs. 9a and b respectively. In Fig. 9a, the 
positive relationship indicates that this phase represents a specific 
binding reaction that is dependent on the concentration of MgTNP-ATP. 
The equally good fits to equations (v) and (vi) mean that it is not clear 
from this analysis alone whether the relationship between kobs is 
linearly dependent on MgTNP-ATP concentration, which would indicate 
the binding of a single molecule of MgTNP-ATP, or the square of the 
MgTNP-ATP concentration, indicating the binding of two molecules. The 
kinetics of the intermediate phase were analysed by fitting the data to 
equations (vii – xii). Table 1 shows the values of the rate constants for 
the fast and intermediate phase and the equilibrium constants derived 
from analyses of the data in Fig. 9. The fits to equations (viii) and (ix) 
are shown in Fig. 9b. The fits to equations (viii) and (ix) are clearly 
better than those from fits to equations that describe models with only 
one molecule of MgTNP-ATP binding in the fast phase, followed by a 
conformational change (vii) or the binding of two molecules of MgTNP-
ATP in the fast phase and/or two molecules of MgTNP-ATP in the 
intermediate phase (x-xii). Equation (viii) describes the dependence of 
the observed first-order rate constant for the intermediate phase on 
[MgTNP-ATP] in a reaction scheme where the initial binding of two 
molecules of MgTNP-ATP in the fast phase is followed by a first-order 
conformational change in the enzyme.(MgTNP-ATP)2 complex in the 
intermediate phase, leading to an increase in fluorescence. Equation 
(ix) describes the dependence of the observed first-order rate constant 
for the intermediate phase on [MgTNP-ATP] in a reaction scheme 
where the initial binding of one molecule of MgTNP-ATP in the fast 
phase is followed by a further second-order binding reaction of MgTNP-
ATP. The fit of the intermediate phase data to equation (ix) gave 
values of k2 and k-2 that are 5.9 and 6.6 % of those of the 
corresponding rate constants for the fast phase (k1 and k-1 
respectively), leading to similar values of the dissociation constants for 
the enzyme.MgTNP-ATP complex formed in each phase, K1 (fast 
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phase) and K2 (intermediate phase), which are also similar to the Ka 
described above for the activation of the enzyme by MgTNP-ATP. 
 
Figure 9 Plots of kobs for the fast (a) and intermediate (b) phases of MgTNP-ATP 
binding vs [MgTNP-ATP], as determined by stopped-flow fluorescence measurements. 
In (a), the solid line represents a fit to the equation (v) and the dashed line to 
equation (vi) (see Materials and Methods). In (b), the dashed line represents a fit to 
equation (viii) and the solid line represents a fit to equation (ix) (see Materials and 
Methods). Error bars indicate the standard deviations of the means n determinations 
of the rate constant, where n ≥ 4 and where at least 5 stopped-flow traces were 
averaged for each determination.  
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Table 1 Kinetic parameters for the fast and intermediate of phases binding of 
MgTNP-ATP to pyruvate carboxylase. 
Values of parameters given ± standard errors derived from the least squares 
regression analysis of the data in Fig 8. K1 is the dissociation constant of the of the 
enzyme.MgTNP-ATP complex formed in the fast phase whilst K2 is either an 
equilibrium constant that describes the equilibrium between two conformational states 
of the enzyme.MgTNP-ATP complex formed in the fast phase (eqs vii and viii) or the 
dissociation constant of the enzyme.MgTNP-ATP complex formed in the intermediate 
phase, involving the binding of one or two more MgTNP-ATP molecules. Both K1 and K2 
were calculated from the ratios k-1/k1 and k-2/k2 respectively. 
Kinetics of displacement of enzyme-bound MgTNP-ATP 
by acetyl CoA 
Fig. 10 shows a typical stopped-flow time course of the 
displacement of enzyme-bound MgTNP-ATP by 0.1 mM acetyl CoA. As 
with the binding of MgTNP-ATP, there are three phases evident in the 
dissociation kinetics, each being a first-order exponential decay. 
Increasing the concentration of acetyl CoA to 0.3 mM did not result in 
an increase in any of the apparent first-order rate constants. The rate 
constants for the fast, intermediate and slow phases are 171 ± 46 s-1, 
5.0 ± 0.7 s-1 and 0.03 ± 0.01 s-1 (values are means ± S.D., n ≥ 3). 
The values of the rate constants of the fast and intermediate phases 
are similar to values of koff obtained from the kinetics of the binding of 
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MgTNP-ATP (see Table 1 – Fit to equation (v) and to equations (viii 
and ix) respectively) and that of the slow phase is similar to that of the 
slow phase of MgTNP-ATP binding. The amplitudes of the fast, 
intermediate and slow phases, expressed as a percentage of the 
fluorescence at t= ∞, were: 2.6 ± 0.2; 5 ± 2 and 1.7 ± 0.6 
respectively (values are means ± S.D., n ≥ 3). Thus, the amplitude of 
the fast phase of the displacement kinetics is somewhat smaller as a 
proportion of that of the intermediate and slow phases than is the case 
in the binding kinetics. 
 
Figure 10 Examples of fluorescence stopped-flow traces showing the kinetics of 
MgTNP-ATP displacement from pyruvate carboxylase by acetyl CoA. Reactions were 
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performed at 30°C in 0.1M Tris-Cl, pH 7.8 containing 20 mM NaHCO3, with 0.5 μM 
pyruvate carboxylase and 10 μM MgTNP-ATP in one syringe and 0.1 mM acetyl CoA in 
the other. (a) Fast and intermediate phases (500 data points collected in the range 0-
0.04 s and 500 data points collected in the range 0.04-0.5 s, average of 23 traces). 
Lines represent a fit to a double exponential equation, where data points up to 1 ms 
have been excluded from the fit (k1 = 220 ± 69 s-1, k2 = 5.4 ± 0.6 s-1). (b) Slow 
phase of the displacement of MgTNP-ATP from the enzyme-MgTNP-ATP complex by 0.1 
mM acetyl CoA. (1000 data points collected in the range 0-180 s). Line represents 
non-linear least squares regression fit of the data to a single exponential functions (k 
= 0.036 ± 0.001 s-1), where data points up to 3 s have been excluded from the fit.  
Discussion 
The fact that MgTNP-ATP is not a substrate for RePC and is not a 
competitive inhibitor with respect to MgATP indicates that it is unable 
to bind to the nucleotide binding site of the BC domain of the enzyme 
where catalysis is occurring. This may be because of the trinitrophenyl 
group attached to 2′ and 3′ hydroxyl groups of the ribose ring (see 
Fig. 2), would not fit well into the nucleotide binding pocket when the 
BC domain it is in a catalytically active conformation. When MgATP is 
bound, Gln240 and His216 form key hydrogen bonding interactions 
with the 2′and 3′-hydroxyl groups of the ribose moiety, which are 
located within 3 Å (see Fig. 11A) so that this may be somewhat 
restrictive [16]. Steady-state kinetics show that MgTNP-ATP appears 
to compete with acetyl CoA in activating the enzyme, although not as 
effectively as activator as acetyl CoA in that the activation constant KT, 
is about three times greater than the Ka for acetyl CoA and the value 
of kcat at saturating MgTNP-ATP is about one-tenth of that with acetyl 
CoA. Even so, the Hill coefficients determined for the activation by 
both acetyl CoA and MgTNP-ATP are very similar, suggesting a similar 
mode of binding of the two molecules. One possibility is that MgTNP-
ATP and acetyl CoA are competing for the same allosteric binding sites 
on the enzyme. Based on the structure determined in the presence of 
the ethyl CoA analogue of acetyl CoA, the allosteric site of RePC there 
appears to be capable of accommodating the trinitrophenyl group of 
MgTNP-ATP since there is only one major hydrogen bonding interaction 
between Asn1055 and the 3′-ribosyl oxygen of acetyl CoA, located 3.8 
Å away (see Fig. 11B) [16]. Another possibility that cannot be ruled 
out based on the results of the current study, is that MgTNP-ATP can 
binds at sites other than in the acetyl CoA binding site, but that there 
are allosteric interactions between the sites such that the binding of 
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acetyl CoA decreases the binding affinity of MgTNP-ATP to its site and 
vice versa. In order to try and determine which of these two 
possibilities is more likely we mutated a residue (R472) in the binding 
site for acetyl CoA that interacts with the 5′,α-phosphate, a group that 
is also present in TNP-ATP. This mutation greatly disrupts the binding 
of acetyl CoA, raising its Ka by more than 200 fold. However, the 
mutation has a relatively small effect on the KT for MgTNP-ATP. If 
MgTNP-ATP was binding in the acetyl CoA binding site in the same 
orientation as acetyl CoA, one would expect MgTNP-ATP binding to be 
also severely disrupted by the R472S mutation. Although we cannot 
definitely rule out the possibility that MgTNP-ATP binds at the acetyl 
CoA binding site, but in a different orientation to acetyl CoA, a more 
likely explanation is that MgTNP-ATP is binding to a different site, with 
there being allosteric interactions between these two sites. 
Given that MgTNP-ATP is primarily regarded as an MgATP 
analogue and has the capability of activating the enzyme, we sought 
evidence that MgATP itself could activate the enzyme. In the pyruvate 
carboxylation reaction in the absence of acetyl CoA substrate inhibition 
is evident at concentrations of MgATP above about 4 mM. Substrate 
inhibition by MgATP has been reported previously [26], but at low 
pyruvate concentrations and in reactions performed in the presence of 
acetyl CoA. When the effects of high MgATP concentrations on the 
bicarbonate-dependent ATP-cleavage reaction in the absence of 
pyruvate and acetyl CoA were examined, enzyme activation was 
clearly evident at MgATP concentrations above 2.5 mM. The Hill 
coefficient of activation by MgATP of the ATP-cleavage reaction is not 
significantly different (t-test; p>0.1) to the Hill coefficient for the 
acetyl CoA and MgTNP-ATP activation of the overall reaction. In the 
absence of pyruvate, there are two simultaneous ATP-cleavage 
reaction pathways, one in which the formation and subsequent 
abortive decarboxylation of the carboxyphosphate intermediate is not 
coupled to biotin carboxylation and the second where the 
decarboxylation of carboxyphosphate results in the formation of 
carboxybiotin, which can then undergo decarboxylation, mainly in the 
CT domain [13, 14]. Acetyl CoA affects both the rate of the ATP-
cleavage and the balance between the flux through the two reaction 
pathways. In the yeast enzyme Pyc1, acetyl CoA enhances the rate of 
the ATP-cleavage step two-fold but also enhances the abortive 
decarboxylation of carboxyphosphate relative to biotin carboxylation, 
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which is the most important contribution to the increased steady state 
turnover number [14]. Thus, the stimulatory effects of high 
concentrations of MgATP on the bicarbonate-dependent ATP-cleavage 
reaction in the absence of pyruvate could be attributed, in part, to 
MgATP producing a similar effect to acetyl CoA on the ATP-cleavage 
reaction. If this were still to occur with super-catalytic concentrations 
of MgATP in the presence of pyruvate, this would result in reduced 
oxaloacetate production and hence inhibition of the overall reaction. In 
other words, super-catalytic concentrations of MgATP are not able to 
induce the efficient coupling of ATP cleavage and pyruvate 
carboxylation that is apparent in the presence of acetyl CoA. Microbial 
ATP concentrations of between 1.3 and 2.6 mM have been reported 
[27, 28] which would suggest that the effects of super-catalytic 
concentrations of MgATP may not be physiologically relevant to R. etli. 
The increased fluorescence of MgTNP-ATP and the blue-shift in 
fluorescence maximum on binding to pyruvate carboxylase indicates 
the sequestering of the fluorophore in a less polar environment. The 
reduction in fluorescence when saturating concentrations of acetyl CoA 
were added to the enzyme-MgTNP-ATP mixture indicates that the 
MgTNP-ATP bound at the acetyl CoA binding site was displaced. This is 
in full agreement with the competitive interactions between acetyl CoA 
and MgTNP-ATP for the activation of the enzyme. However, the failure 
of saturating concentrations of acetyl CoA to fully reduce the observed 
fluorescence back to that of the MgTNP-ATP alone in solution, further 
supports the suggestion that the fluorophore binds to a site or sites on 
the enzyme separate from the allosteric effector sites. While the 
addition of 2.5 mM MgATP induced a small reduction in the 
fluorescence, the signal still remained considerably higher than that of 
a solution of MgTNP-ATP alone, with a wavelength maximum that was 
slightly blue-shifted. The lack of kinetic evidence supporting the 
binding of MgTNP-ATP to the MgATP substrate binding binding sites in 
the catalytically active subunits indicates that the small decrease in 
fluorescence observed on the addition of 2.5 mM MgATP is most likely 
due to conformational changes leading to either a change in the 
environment of the remaining bound MgTNP-ATP or to a small degree 
of displacement of the fluorophore. Further, the fact that some MgTNP-
ATP remained bound to the enzyme in the presence of saturating 
concentrations of both acetyl CoA and MgATP strongly suggests that 
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there is another binding site on the enzyme from which MgTNP-ATP 
cannot be displaced by these ligands. 
The kinetics of binding of MgTNP-ATP to pyruvate carboxylase 
were determined by monitoring the associated increase in fluorescence 
with time. The process is triphasic, where the data for the dependence 
of kobs of the fast phase on [MgTNP-ATP] gave equally good fits to 
equations describing the binding of one or two molecules of MgTNP-
ATP. The data for dependence of kobs of the intermediate phase on 
[MgTNP-ATP] gave the better fits to equations describing two different 
models. In the first model, two molecules of MgTNP-ATP bind in the 
fast phase, followed by a rate-limiting first-order conformational 
change in the intermediate phase that leads to an increase in 
fluorescence, either directly or by the rapid association of more 
MgTNP-ATP (eq viii). In the second model, the binding of one molecule 
of MgTNP-ATP in the fast phase is followed by another in the 
intermediate phase (eq ix). 
The fact that MgTNP-ATP activates the enzyme in a similar way 
to acetyl CoA and that it is competitive with acetyl CoA indicates that 
at least part of the decrease in fluorescence observed on mixing 
enzyme and MgTNP-ATP with saturating acetyl CoA is due to the 
displacement of MgTNP-ATP from the allosteric sites in the 
enzyme.MgTNP-ATP complex. The similar triphasic nature of the 
displacement reaction in which fluorescence decreases when enzyme 
and MgTNP-ATP are mixed with acetyl CoA suggests that the phases of 
the MgTNP-ATP binding reaction can also describe the binding of acetyl 
CoA itself. The lower amplitude of the fast phase of the displacement 
reaction in comparison with those of other phases, coupled with the 
failure of acetyl CoA to displace all of the enzyme-bound MgTNP-ATP in 
the static fluorescence experiments, indicate that at least part of the 
fast phase of the binding reaction constitutes the binding of MgTNP-
ATP to a site outside the acetyl CoA binding site from which it cannot 
be displaced by acetyl CoA (or MgATP). 
The slowest phase of the binding kinetics, with a half time of 
about 20 sec is too slow to be directly linked to the activation of the 
enzyme. The apparently first-order process may result from a slow 
conformational change that is rate-limiting in the further binding of 
MgTNP-ATP, or results from a change in the environment of bound 
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MgTNP-ATP that enhances its fluorescence. It has been noted that 
relatively slow processes of tetramer dissociation and subunit 
aggregation can occur upon enzyme dilution on this sort of time scale 
[7, 9] and that these can be reversed in the presence of acetyl CoA. 
These slow process may result in further MgTNP-ATP binding or 
changes in the environment of bound MgTNP-ATP. 
If we accept the likelihood that MgTNP-ATP is not binding at the 
acetyl CoA binding sites, where then does it bind? Unless the MgTNP-
ATP is binding at some unpredictable sites in the enzymic tetramer, 
the only other nucleotide binding sites are the MgATP binding sites 
contained in the BC domains. However, since MgTNP-ATP is not a 
competitive inhibitor with respect to MgAT, binding of MgTNP-ATP in 
the catalytically active nucleotide binding site is highly unlikely. The X-
ray structure of the enzyme [16] clearly suggests that only two of the 
four subunits are in a catalytically competent conformation at any one 
time to allow the pyruvate carboxylation reaction to proceed, with 
acetyl CoA bound to each of these subunits. This leaves two subunits 
in a catalytically incompetent conformation, that can still bind MgATP, 
but presumably not hydrolyse it at a rate that is significant compared 
to the overall pyruvate carboxylation reaction occurring in the other 
two subunits. It is possible that MgTNP-ATP is able to compete very 
effectively with MgATP to bind to these sites (i.e. these sites have a 
low affinity for MgATP), but not to the catalytically competent MgATP 
substrate binding sites on the other two subunits. The apparent 
competitive nature of the interaction between MgTNP-ATP binding and 
acetyl CoA binding would then indicate some kind of allosteric 
interactions between these binding sites, but since MgTNP-ATP is an 
activator, there must also be allosteric interactions with the 
catalytically active BC domain active sites. If this model is correct, the 
rapid phase of the MgTNP-ATP binding kinetics could represent binding 
of MgTNP-ATP to either one both of these sites, in the former case, the 
intermediate phase would then correspond to binding of MgTNP-ATP to 
the second site. Where both sites were occupied in the fast phase, the 
intermediate phase could reflect conformational changes that produce 
the allosteric effects induced by MgTNP-ATP binding. These effects 
producing changes in the environments of the bound MgTNP-ATP 
molecules, resulting in enhanced fluorescence. Mixing this complex 
with acetyl CoA would result in the allosteric interactions with these 
sites, changing their conformation so as to lower their affinity for 
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MgTNP-ATP, resulting in displacement of some, but not all of the 
MgTNP-ATP. 
If this model is correct, then it is possible that the effects 
produced by super-catalytic concentrations of MgATP are also 
mediated through binding to these catalytically incompetent sites, with 
the high concentrations of MgATP overcoming the low affinity of these 
sites for the nucleotide. However the allosteric affects of MgATP 
binding at these sites are qualitatively different to those induced by 
MgTNP-ATP. 
Conclusions 
In summary, we have shown that MgTNP-ATP although not a 
substrate, was expected to be a competitive inhibitor with respect to 
MgATP, but this was not the case. Upon binding to the enzyme MgTNP-
ATP acted as an activator, although to a lesser extent than acetyl CoA. 
MgTNP-ATP binding kinetics and displacement kinetics were measured 
by fluorescence stopped-flow and the fast and intermediate phases of 
these processes are associated with the binding to the enzyme that 
induces activation. We have proposed a model for these binding 
processes and suggest that MgTNP-ATP Binds to the pair of subunits in 
the enzyme that are not configured for pyruvate carboxylation and 
that stimulation of enzyme activity and competition with the activation 
of the enzyme by acetyl CoA illustrate some of the allosteric 
interactions between the pair of catalytically active subunits in the 
enzymic tetramer and the inactive pair. 
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Footnotes 
1Abbreviations: PC, pyruvate carboxylase; RePC, Rhizobium etli 
pyruvate carboxylase; BC, biotin carboxylase; CT, carboxyl 
transferase; TNP-ATP, 2′,3′-O-(2,4,6-Trinitrophenyl) adenosine 5′-
triphosphate. 
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Supplementary Material 
Probing the allosteric activation of pyruvate carboxylase using 
2′,3′-O-(2,4,6-Trinitrophenyl) adenosine 5′-triphosphate, as a 
fluorescent mimic of the allosteric activator acetyl CoA. 
 
Figure S1 Linearity of fluorescence signal with [MgTNP-ATP] in Kin Tek SF-2400 
stopped flow instrument. Each datum point is the mean of 3 separate determinations, 
error bars indicating standard deviations are not visible as the maximum coefficient of 
variance was only 3.7%. The solid line was fitted to data up to 20 M MgTNP-ATP and 
had an R2 of 0.999. 
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